I. Introduction
The molecular structure of formamide was determined in the vapour phase by Kitano and Kuchitsu using electron diffraction [1] and in the molecular crystal by Ladell and Post [2] using X-ray diffraction. A comparison between the bond distances of the planar molecule in both phases shows a lengthening of about 0.07 A of C-N and a shortening of about 0.04 A of C=0 bonds in the gas phase. The increase and decrease in double bond character of the C-N and C=0 bonds can be ascribed to the strong hydrogen bonds in the crystal.
The crystal structure of formamide consists of puckered sheets of formamide molecules [2] . Within the sheets, pairs of formamide molecules associate around the symmetry centers to form almost coplanar dimers. Within each sheet two types of hydrogen bond are found. One of them is 2.93 A long and links molecules together to form bimolecular units, the other one, which is 0.05 A shorter (i.e. 2.88 A), links the bimolecular units together to form sheets. It is reasonable to suppose that the longer bond in the crystal is also weaker and can more easily be broken on melting.
Indications concerning the structure of liquid formamide were obtained from 'H NMR chemical shift measurements [3] , These measurements indicate a tetramer structure with a cyclic dimer(l-cis tetramer). Other indications for the structure of the liquid were obtained by comparing theoretical results with ESCA data [4] . This comparison allowed both linear chains and a 1 -eis tetramer. Ab initio calculations [5] led to the conclusion that the dominant unit in the structure of liquid formamide should contain both a cyclic dimer and linear chains. The same was concluded from the infrared and Raman studies [6] . Two X-ray studies on liquid formamide are known already. The first one has been done by De Sando and Brown [7] , The authors assigned to the N...O interaction a length of 3.05 A and suggested that formamide in the liquid state has a short range order which resembles that in the crystalline state. A second X-ray study has been reported by Ohtaki [8] in this year. He concludes that the formamide molecules form in the liquid an open-chain structure. The ring structure found in the solid phase has not been observed. 0340 -4811 / 83 / 0200-247 $ 01.3 0/0. -Please order a reprint rather than making your own copy.
As a part of a systematic study of liquid amides, we present here results of combined electron, neutron and X-ray scattering experiments, concerning the structure of molecules and the geometry of hydrogen bonds in liquid formamide. The hydrogen bond geometry will be discussed in the present paper while a detailed analysis of the liquid structure following from this geometry will be given in another paper.
II. Experimental and Data Evaluation
The differential cross section for 68 keV electrons (/. = 0.05 A) scattering by liquid formamide was measured at 25 °C using a special electron diffraction apparatus for liquid samples described in detail earlier [9] . Briefly, the main part of the equipment is a chamber under pressure producing a stable thin liquid film for the diffraction of a penetrating electron beam. The scattering of liquid formamide was measured with three different camera lengths and their normalization in overlapping ranges of the scattering variable resulted in a scattering intensity function ranging from 0. In order to compensate the predominance of scattering at small angles a rotating sector was used [10] . Diffraction patterns were recorded on photoplates.
During the experiments the temperature and pressure in the chamber were controlled. Optical absorbancies were measured by a microdensitometer. The absorbancies were converted into intensities using the intensity-density characteristics of AgfaGevaert photoplates. The measured intensities were corrected for extraneous scattering (blank plate) of the apparatus, for the sector shape and flat plates [11] . The intensity functions were determined at equal spacings in k by Lagrangian interpolation. The separation of the structure independent background scattering, which is composed of atomic self-scattering, inelastic scattering and multiple scattering and also the conversion of the experimental intensities to absolute scale were carried out by an iterative procedure together with a refinement of the parameters of the molecular structure.
Neutron scattering studies of the deuterized liquid formamide CDOND 2 were carried out at 25 °C and with a wavelength of 0.7 A. The scattering intensities were measured with the diffractometer D4 at the high-flux reactor of the Institute Laue-Langevin. Grenoble. The liquid was placed in vacuum-tight vanadium cylinders. The angular range 1.2° ^ 2$ ^110° was covered at intervals of 0.1875 using a multidetector and the average counting level achieved was 2000 counts per point. Additional runs with the empty container and a background run were also performed. The experimental data were corrected for background, container, selfabsorption, multiple scattering and inelasticity. The data were converted to an absolute scale by determining a normalization factor from a vanadium run. The details of the correction procedure are described elsewhere [12] [13] [14] , X-ray diffraction measurements were carried out on flat plane-parallel specimens using transmission The details of the data processing and correction procedure are discussed in [15] .
The normalized intensities for experimentally not accessible values were extrapolated empirically to k = 0 using the limiting value 7(0) calculated from the isothermal compressibility of 3.736 xlO -10 
The total experimental structure functions were determined for all three types of experiment by the following relation:
where /nom\{k), /"elf (k), f*{k) are respectively the normalized coherent intensities, calculated self scattering of the atoms in one formamide molecule and tabulated [14] [15] [16] [17] coherent scattering amplitudes for atoms /. Index a stands for the three different types of diffraction experiments. A final correction to eliminate systematic errors, arising from inaccuracies in correction, was applied to the experimental structure functions [11] [12] ,
III. The Molecular Structure
The total structure functions derived from experiments may be written as the sum of two terms:
The first term in Eq. (2) is the molecular part of the scattering due to independent molecules. The second term is the distinct part of the scattering which contains contributions from intermolecular spatial and orientational correlations. Since the distinct structure function H d (k) decays much faster to zero than the molecular structure function H m , the large k behaviour of the total structure function H(k) in the upper k-range is determined by its molecular component i.e. H{k) = H m (k). This property of the total structure functions can be used for determination of the molecular structure by a leastsquare fitting of the following analytical expression for the molecular structure function to the large k part of the total structure function [11, 18] . 
A -1 range of the H ED (k). The function kH m (k)
for liquid formamide together with the total electron structure function is shown in Figure 1 . The two curves are in agreement for values k ^ 8 A -1 , except for small deviations at lower values of k, which are due to the contributions of the H-bond interactions. In order to have an independent determination of the molecular parameters, the X-ray molecular structure function was derived by another method based on the properties of the total pair correlation function, G(r), given by the following relation:
o where is the number density. Regarding Eq. (2), G (r) can also be written as the sum of molecular and distinct terms
If there is no overlap between the intramolecular and intermolecular distance contributions, Eq. (5) renders possible the separation of the G m (r) function.
The total X-ray pair correlation function (not shown in this paper) approached a value of zero at a distance of 2.6 A. Because no intermolecular contributions, except O... H interactions were expected in the total X-ray pair correlation function below r = 2.6 A, an "experimental" molecular structure function H^k was derived by inverse Fourier transformation of G (r) in the range 0 ^ r ^ 2.6 A. The parameters r % p and for the molecular structure were then obtained by least-squares refinement of expression (3) against the H^(k) function in the range 0 ^ k ^ 13.5 A"
1 . The molecular structure function H m (k), calculated from these parameters, is shown in Fig.2 , together with the H&(k) molecular structure function calculated from the molecular part of G(r) and the total X-ray structure function derived from experiment. The molecular parameters obtained from both electron and X-ray scattering data are listed in Table 1 . For comparison, the results obtained by gas electron diffraction for the free molecule [1] are also presented in Table 1 .
The molecular parameters resulting from the liquid electron diffraction experiment are in good agreement with those from liquid X-ray and gas electron diffraction. The structure of the formamide molecule is found to be the same as that of a free molecule. Changes of the double bond characters of the C-N and C = 0 bonds appearing in the crystal [2] are not observable in the liquid phase.
The molecular structure function for neutron scattering has been calculated from the parameters listed in Table 1 for electron diffraction.
IV. The Hydrogen Bond Interactions
The distinct structure functions H\{k) are now obtained as the difference between the total structure functions and the molecular terms H d (k) = H*(k) -//m(A'). The three Hl(k) functions (ND. ED, XD) are presented in Figure 3 .
The most striking feature of these functions is the presence of oscillations in the large k range. This feature is characteristic for H-bonded molecular liquids [18] , Simple molecular liquids as CC1 4 and CS 2 [19. 20] 
By least-squares fitting of expression (3) to the large k part of the distinct structure functions beyond k ^4 A -1 , we have obtained the structural parameters of H-bond interactions listed in Table 2 . The H-bond structure functions calculated from the parameters given in Table 2 for the three different scattering experiments are also shown in Figure 3 . As a result of the calculations beyond A: = 6 A" 1 good agreement can be observed between the distinct structure functions and their H-bond contributions. The distinct pair correlation functions derived by Fourier transformations from the H d (k) functions are shown in Figure 4 together with G H -bond('") contributions. The remaining differences between the H d (k) and H H . bond distinct structure functions seen in Fig. 3 , are ascribable either to spatial correlations between C, O, and N sites of the formamide molecules or to orientational correlations between molecules. The further analysis of the distinct structure functions of the liquid formamide including the dimer formation will be published in a forthcoming paper.
